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Merck silica gel, 230-400 mesh, was used for flash chromatography, and Whatman Magnum-9 Partisil-10 and ODs-3 columns were used for preparative HPLC.
Isolation and Extraction. Fresh leaves of C. dichogamus were collected in Kenya in mid-1987 (a voucher sample has been deposited a t the herbarium in the Botany Dept., UBC). The airdried leaves (225 g) were soaked in methanol (500 mL) overnight. The methanol extract was concentrated in vacuo to a gum, water was added, and the resulting suspension was exhaustively extracted with CH2C12. Evaporation of the combined organic extracts in vacuo gave a residue, which was fractionated via silica gel flash chromatography (step gradient: CH2C12 to EtOAc) to give crude crotoxides A (1) and B (2).
Crotoxide A (1). The flash fractions containing crude crotoxide A (1) were combined and further purified by silica gel preparative TLC (2:l CH2C12/EtOAc). The preparative TLC fraction containing crotoxide A was dissolved in methanol (5 mL), palladium on charcoal was added (20 mg), and the suspension was stirred at room temperature under 1 atm of hydrogen for 2 days. Filtration of the reaction mixture, followed by vacuum evaporation of the filtrate, gave an oily residue, which was fractionated on preparative silica gel HPLC (9:l CH2C12/EtOAc) to give pure crotoxide A (1) (yield 0.005% dry wt.): colorless needles (hexane), mp 14!+152 "C; +113O (CHCI,, c 0.2); I R (CHCl,) 3477 cm-'; 'H NMR see Table I ; 'Y! NMR see Table 11 ; HREIMS M+ 330.1837 (CZoH2,O4) (AM + 0.6 mmu); LRMS m / z (relative intensity) 330 (62), 315 (20), 297 (9), 189 (42), 43 (100).
Crotoxide B (2) . Crotoxide B (2) was partially purified by using the same flash, preparative TLC, and hydrogenation procedures described above for crotoxide A (1) . Preparative reverse-phase HPLC (1:lO H,O/CH,CN) of the hydrogenation mixture residue gave pure crotoxide B (2) as an unstable white powder. 2: IR (CHCl,) 3477,1742, 1455,1235 cm-'; 'H NMR see Table I ; HREIMS Mf 386.1742 (C22H2606) (AM + 1.3 mmu).
X-ray Analysis of Crotoxide A (1). The crystals grown from hexane were suitable for single-crystal X-ray analysis, and a specimen roughly 0.3 X 0.3 X 0.2 was mounted on a glass fiber. From preliminary X-ray photographs, the crystals were unambiguously assigned to space group P212121 with cell constants of a = 6.402 (3) A, b = 15.495 (6) A, and c = 19.619 (6) 8, determined from a least-squares fit of 25 28 values. One molecule of composition CzoHzs04 formed the asymmetric unit giving a crystal density of 1.25 g/cm3. All unique diffraction maxima with 28 5 114' were collected by using variable-width 8-28 scans. Of the 1385 symmetry-unique reflections, 1293 (93%) were judged observed (IFoI > 3a(F0)) after correction for Lorentz, background, and polarization effects. A phasing model was easily found by using the SHELX library of programs, and full-matrix leastsquares refinements with anisotropic non-hydrogen atoms and riding hydrogen atoms smoothly converged to a conventional crystallographic residual of 0.050 for the observed reflections. Additional crystallographic details are available and are described in the paragraph entitled "Supplementary Material Available" a t the end of this paper.
Introduction
A survey of the current literature shows that there is a growing interest in nucleic acid analogues possessing modified internucleoside linkages. Two types of modifications can be distinguished: (i) oligonucleotide alkyl phosphotriesters' and (ii) oligonucleotide methyl phosphonates.2 Both modifications correspond with a neutral backbone structure, which leads to interesting chemical ' These systems can now be synthesized automatically on a solid-state support,2c and detailed knowledge exists concerning the specific inhibitory effects on growth of living cells and cellular protein ~y n t h e s i s .~,~ Our interests primarily concern methyl phosphotriester analogues of DNA. Our previous work has shown that methyl phosphotriesters preferentially adopt a conformation which closely resembles B DNA,la4 whereas this is not the case for methyl phosphonate systems. Consequently the hybrids of methyl phosphotriester DNAnatural DNA are substantially more stable than the hybrids methyl phosphonate DNA-natural DNA.5 This difference becomes apparent especially for elongation of the hybridization site. We have also found that the methyl phosphotriester group is perfectly accommodated in the B DNA double helix, both for the R, configuration (methyl oriented in the major groove of the duplex), and the S, configuration (methyl protruding from the double helix into the solvent bulk).lCPd This was most evident for the phosphate-methylated trinucleotide d(ApApA), which consists of four diastereoisomers. Hybridization with poly(dT) leads to a single sharp melting transition at 41 "C, showing that all diastereoisomers form an equally stable duplex.lb It should be noted that ethyl, propyl, or phosphotriester DNA's show unfavorable steric crowding for R,, which substantially interferes with duplex formation. Thus, comparing methyl phosphotriester DNA fragments with methyl phosphonate and other alkyl phosphotriester systems, it seems to us that the methyl phosphotriester modification leads to the closest possible structural resemblance with respect to natural DNA.
Kook et al. In this paper, we report a novel synthetic approach to methyl phosphotriester DNA oligomers of an arbitrary nucleotide sequence. Initially,lb we have synthesized phosphate-methylated d(ApA), d(ApApA), and d(ApApApA) with the amidine 6-N-(1-(dimethylamino)ethylene) as protective group for the 6-NH2 group of A.6 However, workup of the final product proved to be troublesome because of a large excess of phenol which is necessary for the deprotection of the bases. Our present synthetic method is based on the use of 9-fluorenylmethoxycarbonyl (Fm~c)'-~ for protection of the bases A, C, and G during the synthesis of phosphate-methylated DNA fragments. The advantage of Fmoc over the customary acyl blocking groups for A, C, and G is that its removal in the final stage of the synthesis can be accomplished under conditions that leave methylated phosphate intact. We describe the synthesis of the phosphate-methylated dinucleotides d-
and d(CpC) (9).l0 The R, and S, diastereoisomers of these systems were separated with reversed-phase HPLC. 
Synthesis
The synthesis of 4-9 in diastereoisomerically pure form comprises three essential steps, which can be summarized as follows: (1) protection of the base amino groups of dC, dG, or dA with Fmoc and tritylation of the 5'-OH groups; (2) coupling of two Fmoc protected nucleosides via an in situ generated phosphoramidite synthon; and (3) removal of Fmoc and 5'-trityl groups and reversed-phase HPLC separation of the R, and S, diastereoisomers. In the following, we briefly describe each of the steps.
Step 1. The 3',5'-bis(trimethylsily1) derivatives of dC, dG, and dA1' were reacted with 9-fluorenylmethoxycarbonyl chloride. Subsequent deprotection of the 3'-and 5'-OH groups readily furnished the Fmoc protected nucleosides as white amorphous solids (yields: la (dC-Fmoc), 
Step 2. Our synthetic approach for the 3' -5' coupling reactions is largely based on recent papers by Moore et al.14 and Marugg et al.,16 in which it is shown that bifunctional phosphitylating agents are very effective for the in situ preparation of nucleoside 3'-phosphoramidites. The underlying principle is that alkoxybis(dialky1amino)phosphines are selectively activated by 1H-tetrazole. The advantage of this procedure is that chromatographic isolation of the reactive 3'-phosphoramidites is circumvented. We have now reacted the compounds 2a-c with methoxybis-(diisopropy1amino)phosphine in the presence of 0.5 equiv of 1H-tetrazole in dry pyridine. By use of 31P NMR, it was concluded that quantitative formation of the desired 3a-c in situ occurs within several minutes. Furthermore, it
appeared that the reaction proceeds equally well in various media; we have routinely used dry pyridine as the solvent. The diastereoisomeric nature of 3a-c results in two distinct absorptions around 6 150 ppm in the 31P NMR spectrum. The chemical shift difference between these lines amounts to approximately 0.3 ppm (vide infra). In the synthesis of 4-6 we coupled the in situ phosphoramidites 3a-c directly with the corresponding Fmoc-protected nucleosides. Thus, 3a was fused with lb, 3b with la, and 3c with la. These reactions required addition of an additional quantity of 1H-tetrazole. In all three cases, 31P NMR spectroscopy showed the formation of the desired 3' -5' phosphite triester as well as the undesired 3' -3' phosphite triester in the ratio of ca. 5 1 ( Figure 1 ). These observations are in accord with the work of Marugg et al.I5 who prepared a set of natural DNA dimers with an unprotected 3'-OH group according to the in situ phosphoramidite method. Complete specificity for 3' -5' coupling is realized when a 3'-protected nucleoside is used. In the synthesis of 7-9, we coupled phosphoramidites with the corresponding 3'-O-acetyl, Fmoc-protected nucleosides. The choice of the 3'-O-acetyl group was based on our experience that nucleotide structures with acetylated 3'-and/or 5'-OH groups may readily form single crystals suitable for X-ray diffraction.16 Further work in this direction is currently in progress. It should be noted that the 3'-O-acetyl group is in fact incompatible with the methyl phosphotriester group, i.e. full deprotection of 7-9 cannot be executed. All phosphite triesters were oxidized through reaction with tert-butyl hydroperoxide. This reaction proceeded smoothly without byproducts within several minutes, as was evident from the 31P NMR spectra.
Step 3. , Detritylation was accomplished through treatment with either acetic acid or zinc br0mide.l' Then, reaction with excess triethylamine in pyridine quantitatively removed the Fmoc groups. Reversed-phase HPLC was used to separate the R, and S, diastereoisomers of 4-9 on a milligram scale. For this, we optimized and modified (16) Figure 2 shows t h e chromatogram t h a t was obtained upon simultaneous elution of the R, and S, diastereoisomers of 4-8.
Structural Assignment T h e phosphate-methylated dinucleotides 4-9 were studied with 200-, 300-, a n d 600-MHz lH NMR. As a representative example, the 600-MHz spectrum of S, (6) (phosphate-methylated d(ApC) ) is shown in Figure 3 . Assignment of t h e configuration a t phosphorus was performed according to the recent method of Zon et aL20 For each of the compounds 4-9 it was found t h a t one diastereoisomer shows a clear NOE contact between H3, of t h e 3'-phosphorylated residue a n d t h e methyl group on phosphorus, while the other diastereoisomer almost lacks such a contact. T h e structures with the strong N O E contact were assigned t h e R, configuration. T h e set of experimental vicinal proton-proton a n d proton-phosphorus J-coupling constants are summarized in Table 11 . A detailed conformational analysis on the basis of these data will be published elsewhere. Considering the present results, we believe t h a t Fmoc synthesis is the method of choice for t h e preparation of phosphate-methylated DNA fragments. We have already extended the method to the stepwise synthesis of trimer and tetramer phosphate-methylated DNAs. Furthermore, we have used the Fmoc method t o convert longer strands of natural DNA (synthesized on 10-pmol scale on a n automated DNA synthesizer) as a whole into their phosphate-methylated congeners. Full details of these results will be published. Work is in progress to study the detailed structural and biological effects of phosphate methylation in DNA. T h i s information will be of great value for t h e design of new phosphate-methylated DNA fragments, which can ultimately be used as antisense matagens in rationalized biological experiments directed toward sitespecific inhibition of DNA replication and/or transcription in vitro a n d in vivo.
Experimental Section Materials and Methods. The 'H NMR spectra were recorded on Bruker AM 600;' CXP 300,22 and AC 20022 NMR spectrometers. Tetramethylsilane (TMS) was used as the internal standard for samples in organic solvents. For samples in aqueous solution (D20), the residual HDO peak was set at 4.68 ppm. 31P NMR spectra were recorded at 81 MHz on the AC 200 instrument and referenced against 85% H3P04 as external standard. For all column chromatographic separations, we used ICN Biochemicals Silica TSC 60A. Pyridine was distilled from KOH pellets and dried on 4-A molecular sieves. Acetonitrile was distilled from CaH,. Nitromethane was distilled and stored on CaC12. Methanol was distilled and stored on 4-A molecular sieves. 2-Butanone was distilled prior to use as eluent in chromatographic separations. 1H-Tetrazole was purified through sublimation. tert-Butyl hydroperoxide was used as received (75% solution in di-tert-butyl peroxide). Reactions were routinely run in an inert atmosphere of dry nitrogen or dry argon. Prior to each reaction step, we removed last traces of water from unprotected and protected nucleosides via coevaporation with small portions of dry pyridine. Unless otherwise noted, reactions were run at ambient temperature. Fast atom bombardment (FAB) mass spectrometry was carried out using a VG Micromass ZAB-2HF mass spectrometer, an instrument with reverse geometry, fitted with a high-field magnet and coupled to a VG 11/250 data system. The samples were loaded in thioglycerol solution onto a stainless steel probe and bombarded with xenon atoms having 8-keV energy. The separation of the diastereoisomers was developed on a HP 1090 gradient HPLC system. Preparative chromatography was executed on a HPLC system consisting of a Waters M 590 solvent delivery system equipped with a solvent select valve module, an Alltech RSil C18 10-pm column (250 X 22 mm), and a Waters 480 detector.
Synthesis.
Bis(N,N-diisopropy1amino)methoxy-
phosphine. Phosphorus trichloride (275.0 g, 2.00 mol) was cooled to -10 "C, and dry methanol (81.1 mL, 2.00 mol) was added dropwise over 1.5 h with stirring. The reaction flask was kept at -10 "C, and the produced hydrochloric acid was absorbed in a gas trap containing water. After distillation at atmospheric pressure a 5 1 mixture (bp 81-84 "C) of methoxydichlorophosphine (31P NMR (CDCI,): 6 181.5) and unreacted phosphorus trichloride (,'P NMR (CDCl,): 6 220.2) was obtained (36.2 g). This mixture was added dropwise during 1.5 h to a solution of N,N-diisopropylamine (118.5 g, 1.17 mol) in 400 mL of dry ether, which was kept at 0 "C. Then, the ammonium salt was removed by filtration, and the solution was concentrated in vacuo. Pure bis (N,N-diisopropy1amino ,'P NMR (CDCI,): 6 131.6. 4-N-(9-F1uorenylmethoxycarbonyl)-2'-deoxycytidine (la). 2'-Deoxycytidine (3.85 g, 16.92 mmol) was suspended in 100 mL of dry pyridine. During 5 min, chlorotrimethylsilane (10.8 mL, 84.6 mmol) was added dropwise, and the reaction mixture was stirred for 15 min." Then, 9-fluorenylmethoxycarbonyl chloride (5.25 g, 20.92 mmol) was added, and the mixture was stirred for 1.5 h. Hydrolysis of the trimethylsilyl groups and excess chlorides was effected by addition of water (40 mL). After stirring overnight, a yellow solution was obtained, which was evaporated to near dryness. Upon addition of water (250 mL) a white precipitate appeared. The mixture was shaken vigorously until no more yellow oil was visible. After addition of ethyl acetate (150 mL) and shaking, a precipitate was formed on the separation layer. This solid was isolated by filtration and washed with ethyl acetate. After drying in vacuo, la was obtained as a white solid. Yield: 7.38 g (97%). Mp: 132 "C. 'H NMR (a~et0ne-d~): 6 2.40 ( 
2-N-(I)-Fluorenylmet hoxycarbonyl)-2'-deoxyguanosine (lb)
. Chlorotrimethylsilane (10.85 g, 100 mmol) was added dropwise to a suspension of 2'-deoxyguanosine (4.00 g, 15.0 mmol) in 150 mL of dry pyridine, and the reaction mixture was stirred for 1 h." During this time the 2'-deoxyguanosine dissolved completely, and a precipitate of pyridinium hydrochloride appeared. 9-Fluorenylmethoxycarbonyl chloride (5.15 g, 20.0 mmol) was transferred into the reaction flask, and stirring was continued for 1 h. Hydrolysis of the trimethylsilyl groups and excess chlorides was effected by addition of water (15 mL), and the solution was stirred for 20 min. Then, the solution was poured into saturated aqueous sodium bicarbonate (500 mL) and extracted with three 500-mL portions of dichloromethane. The collected organic layers were concentrated in vacuo, and the last traces of pyridine were removed by coevaporation with three 250-mL portions of toluene. Dichloromethane (200 mL) was added to this residue, and after filtration, washing with dichloromethane, and drying in vacuo, l b was obtained as a slightly colored solid (4.88 9). The mother liquor was concentrated in vacuo, and dichloromethane (200 mL) and diethyl ether (600 mL) were added to the residue. After filtration and drying in vacuo another 0.33 g of l b was obtained. 
6-N-( 9-Fluorenylmethoxycarbonyl)-2'-deoxyadenosine (IC)
. 2'-Deoxyadenosine (5.0 g, 20 mmol) was suspended in 100 mL of dry pyridine. Chlorotrimethylsilane (12.8 mL, 100 mmol) was added, and the mixture was stirred for 15 min." Then, 9-fluorenylmethoxycarbonyl chloride (6.2 g, 24 mmol) was added, and the reaction mixture was stirred for 2 h. Hydrolysis of the trimethylsilyl groups and excess chlorides was effected by addition of water (60 mL) at 0 "C. After stirring for 18 h, the mixture was J. Org. Chem., Vol. 54, No. 7, 1989 1661 evaporated to near dryness and coevaporated with water to remove the last traces of pyridine. Subsequently, 300 mL of water and 100 mL of ethyl acetate were added. The mixture was shaken vigorously, and the ethyl acetate layer was separated. The water layer was washed again with 100-mL and 50-mL ethyl acetate portions successively. The collected organic layers were evaporated and the residue dried in vacuo, affording a white solid. NMR analpis indicated the presence of two products, namely the desired 6-N-(9-fluorenylmethoxycarbonyl)-2'-deoxyadenosine, and 6-Nbis ( (1 H, m, Hzj,), 3.03 (1 H, m, H, (2.10 g, 6 .80 mmol) was added to a solution of compound l b in 30 mL of dry pyridine, and the reaction mixture was stirred for 15 h in darkness. Then, the mixture was poured into aqueous saturated sodium bicarbonate (200 mL) and extracted with three 150-mL portions of dichloromethane. After drying on magnesium sulfate and filtration, the organic phase was concentrated in vacuo. The last traces of pyridine were coevaporated with toluene (three times) and 2-butanone (once). The resulting brown foam was purified by column chromatography on silica gel with a gradient of methanol in dichloromethane as eluent (1 -8 vol % methanol) . Compound IC (1.0 g, 2.11 mmol) was dissolved in 10 mL of dry pyridine. After addition of 4-monomethoxytrityl chloride (0.72 g, 2.32 mmol), the solution was stirred for 18 h in darkness. The mixture was then poured into saturated aqueous sodium bicarbonate (50 mL) and extracted with 50 mL of dichloromethane (three times). During the extraction the organic layer turned purple. The collected layers of 7.67 (1 H, 9, He) . dichloromethane were washed with 50 mL of saturated aqueous sodium bicarbonate solution and dried on magnesium sulfate. After filtration, the solution was concentrated in vacuo. Removal of all pyridine was accomplished by coevaporation with toluene and dichloromethane. The resulting purple foam was purified by column chromatography on silica gel with 2-butanone as eluent (R, 0.52), yielding 0.78 g (50%) of 2c as a white solid. 'H NMR (CDC13): 6 2.55 (1 H, m, H2,, 5'-0-(4-Monomethoxytrity1)-2'-deoxyadenosine. Compound 2c (4.24 g, 5.7 mmol) was dissolved in 50 mL of 2-butanone, and triethylamine (0.5 mL) was added. After the solution was stirred for 3 days, the mixture was concentrated by evaporation of 2-butanone. Column chromatography using silica gel as the stationary phase and 2-butanone as eluent afforded 1.7 g (60%) of the title compound as a white solid (R, 0.13). 'H NMR (CDCl,): 6 2.53 (1 H, m, H2,,) , 2.74 (1 H, m, H2,) , 3.39 (2 H, m, H5,/H5"), 3.71 (3 H, s, OCH3 MMTr), 4.22 (1 H, m, H4J, 4.68 (1 H, m, H,:) , 6.34 (2 H, b s, NH2), 6.46 (1 H, dd, H13, 6.70-6.80 (2 H, d, aromatic MMTr), 7.05-7.55 (12 H, m, aromatic MMTr), 7.98 (1 H, s, H2) , 3'-0 -Acetyl-6-N-(9-fluorenylmethoxycarbonyl)-2'-deoxyadenosine. Compound 2c (2.24 g, 3.0 mmol) was dissolved in 22 mL of dry pyridine. After addition of acetic anhydride (2.0 mL), the solution was stirred overnight. The pyridine was evaporated and coevaporated three times with toluene to dryness. A mixture of dry nitromethane and dry methanol (19 mL, 95:5 v/v) was added. Addition of anhydrous zinc bromide (5.0 g) gave an orange suspension, which was stirred for 3 h. Then, the mixture was washed with 100 mL of 5% aqueous ammonium acetate and subsequently extracted with 45 mL of dichloromethane (three times). The combined organic layers were dried on magnesium sulfate. After filtration, the solution was concentrated in vacuo, and purification occurred by column chromatography on silica gel with ethyl acetate as eluent (R, 0.18), yielding 1.0 g (65%) of the title compound as a white solid. 'H NMR (CDC13): 6 2.14 (3 H, s, CH3 of acetyl), 2.48 (1 H, m, H2") , 3.11 (1 H, m, Hz) , 3.93 (2 H, m, HU/Hy), 4.29 (3 H, m, H4, /CH Fmoc), 4.63 (2 H, d, CH2 Fmoc), 5.55 (1 H, d, 6.34 (1 H, dd, HI, ), m, aromatic Fmoc), m, aromatic Fmoc), 8.05 (1 H, s, H2) Koole et al.
of dry pyridine, and the reaction mixture was stirred for 10 min. Formation of the phosphoramidite coupling synthon in situ 3a was evident from the 31P NMR spectrum ((CDCl,): 6 150.0 and 149.4). Then a solution of compound la (3.07 g, 6.28 mmol) and 1H-tetrazole (1.10 g, 15.71 mmol) in 60 mL of dry pyridine was added to the reaction mixture, and stirring was continued for 2 h. 31P NMR analysis showed that all phosphoramidite 3a had been converted into the phosphite triester (2 diastereoisomers, (CDCl, ) : 6 140.8 and 140.1). The two peaks of the 3'-3' coupled phosphite triester were visible as well ( (CDC13) The organic phase was washed with 25 mL of water, and the water layer was extracted with two 15-mL portions of dichloromethane. The collected organic phase was concentrated in vacuo. TLC experiments showed the detritylation reaction to be complete (R, 0 (dichloromethane/methanol, 9 5 5 v/v), R, 0.20 (dichloromethane/methanol, 9:l v/v)). 31P NMR (pyridine-d,): 6 0.6 and 0.5. The residue was dried by coevaporation with dry pyridine (twice) and subsequently dissolved in a mixture of dry pyridine (4.0 mL) and triethylamine (0.8 mL). The reaction mixture was stirred for 6 h and subsequently concentrated in vacuo and coevaporated with toluene (twice), 2-butanone (twice), and water (twice). TLC experiments showed the deprotection of the bases to be complete (R, 0 (dichloromethane/methanol, 9 1 v/v)).
Purification of the methylated and fully deprotected dinucleotides and separation of the diastereoisomers was accomplished by means of HPLC. Sp-(4). 'H NMR (D20): 6 1.92 (1 H, m, H2, of 19%) . Rf0.14 (2-butanone/methanol, 95:5 v/v) and R, 0.50 (dichloromethane/methanol, 9 1 v/v). The solid decomposed upon heating (ca. 140 "C). ,'P NMR (CDC13/CD30D, 1:l v/v): 6 2.8 and 2.7. The solid was dissolved in a mixture of 2.0 mL of dry nitromethane and 0.2 mL of methanol. Then, anhydrous zinc bromide (0.75 g, 3.29 mmol) was added, turning the solution into a red color. The reaction mixture was stirred for 1 h and subsequently poured into 20 mL of a 5% aqueous ammonium acetate solution and extracted with four 10-mL portions of dichloromethane. The organic phase was washed with 10 mL of water, and the water layer was extracted with two 10-mL portions of dichloromethane. The collected organic phase was concentrated in vacuo. TLC experiments showed the detritylation reaction to be complete (Rf 0 (dichloromethane/methanol, 9:1 v/v)). 31P NMR (pyridine-d5): 6 0.5 (peaks overlap). The residue was dried by coevaporation (twice) with dry pyridine and dissolved in a mixture of dry pyridine (2.0 mL) and triethylamine (0.55 mL). The reaction mixture was stirred for 6 h and subsequently concentrated in vacuo and coevaporated with toluene (three times), 2-butanone (twice), and water (twice). TLC experiments showed the deprotection of the bases to be complete (Rf 0 (dichloromethane/methanol, 2'-Deoxyaden yly l-(3'-5')-2'-deoxycytidine 0 -(Methyl phosphate) (6). 5'-0-(4-Monomethoxytrityl)-2'-deoxyadenosine (0.50 g, 0.96 mmol) and 1H-tetrazole (33 mg, 0.48 mmol) were dissolved in 4 mL of dry pyridine. Bis(N,N-diisopropy1amino)-methoxyphosphine (302 mg, 1.14 mmol) was added, and the reaction mixture was stirred for 30 min. ,'P NMR analysis showed complete conversion into the corresponding phosphoramidite coupling synthon as an approximately 1:l mixture of two diastereoisomers (,'P NMR: 6 149.5 and 149.4). A solution of compound la (431 mg, 0.96 mmol) and 1H-tetrazole (168 mg, 2.4 mmol) in 7 mL of dry pyridine was transferred into the reaction vessel, and the mixture was stirred for 1.5 h. 31P NMR showed the formation of two couples of diastereoisomeric phosphites, namely the desired 3'-5' coupling product (ca. 80%) and the undesired 3'-3' coupling product (ca. 20%). ,'P NMR (CDC13) (3'-5'): 6 140.8 and 140.6. 31P NMR (CDCl,) (3'-3'): 6 140.0 and 139.8. The phosphites were readily oxidized through the addition of tert-butyl hydroperoxide (1 mL).l3 After evaporation of all volatiles (coevaporation with toluene), the residue was chromatographed on a silica gel column with dichloromethane/methanol (91 v/v) as eluent (R, 0.30). This afforded a white solid. (Yield: 0.5 g (50%). 31P NMR (CDCl,): 6 0.3 and -0.4). The solid was dissolved in 3 mL of dry nitromethane. After addition of anhydrous zinc bromide (1.71 g) , the solution, which colored red, was stirred for 3 h. The mixture was poured into 16 mL of a 5% aqueous ammonium acetate solution and subsequently extracted with 8 mL of dichloromethane (four times). The combined organic layers were dried on magnesium sulfate. After filtration, the dd, Hi, of dGp), 6.17 (1 H, dd, Hi, of pdC) , 7.57 (1 H, d, Hs), 7.90 (lH,d,H5),6.17(1H,dd,H,ofpdC),6.19(1H,dd,Hi,ofdGp), J. Org. Chem., Vol. 54, No. 7, 1989 1663 solution was concentrated in vacuo and purified on a silica gel column with dichloromethane/methanol(9:1 v/v) as eluent (Rf 0.32). Again, this yielded a white solid. (Yield: 160 mg (50%).
31P NMR (CDCl,): 6 0.2 and -0.6). This solid was dissolved in 1.5 mL of dry pyridine, and triethylamine (0.43 mL, 3.1 mmol) was added. After being stirred for 6 h the mixture was evaporated, and the residue was coevaporated with toluene and dichloromethane, yielding a yellow oil. The two diastereoisomers (S, and R,) of 6 were separated with reversed-phase HPLC. S,-(6). 'H NMR (D20): 6 2.20 (1 H, m, H2, of pdC), 2.32 (1 H, m, H2,, of pdC) , 2.70 (1 H, m, H2" of dAp), 2.88 (1 H, m, H2, of dAp), 3.76 (1.00 g, 1.94 mmol) and 1H-tetrazole (0.47 g, 6.7 mmol) in 12 mL of dry pyridine was transferred into the reaction vessel, and the mixture was stirred for 3.5 h. 31P NMR indicated the formation of two diastereoisomeric phosphites (31P NMR (CDC13): 6 140.8 and 140.4), which were readily oxidized through the addition of tert-butyl hydroperoxide (2 mL).13 After evaporation of all volatiles (coevaporation with toluene), the residue was dissolved in 18 mL of dry nitromethane and 0.5 mL of dry methanol. After addition of anhydrous zinc bromide (7 g) the orange suspension was stirred for 4 h. To this suspension 100 mL of a 5% aqueous ammonium acetate solution was added, and subsequently the mixture was extracted with 50 mL of dichloromethane (four times). The combined organic layers were dried on magnesium sulfate. After filtration, the filtrate was concentrated in vacuo, and purification was effected by column chromatography on silica gel with dichloromethane/methanol(92:8 v/v) as eluent (R, 0.36).
This afforded a white solid. (Yield: 1.0 g (48%). 31P NMR (CDCI,): 6 -0.1 and -0.2), which was dissolved in 1 mL of dry pyridine. Triethylamine (0.25 mL, 1.8 mmol) was added. After being stirred for 5 h the mixture was evaporated, and the residue was coevaporated with toluene and chloroform, yielding a yellow
